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The Jinping I hydropower station is a huge water conservancy project consisting of the highest concrete
arch dam to date in the world and a highly complex and large underground powerhouse cavern. It is
located on the right bank with extremely high in-situ stress and a few discontinuities observed in sur-
rounding rock masses. The problems of rock mass deformation and failure result in considerable chal-
lenges related to project design and construction and have raised a wide range of concerns in the ﬁelds of
rock mechanics and engineering. During the excavation of underground caverns, high in-situ stress and
relatively low rock mass strength in combination with large excavation dimensions lead to large
deformation of the surrounding rock mass and support. Existing experiences in excavation and support
cannot deal with the large deformation of rock mass effectively, and further studies are needed. In this
paper, the geological conditions, layout of caverns, and design of excavation and support are ﬁrst
introduced, and then detailed analyses of deformation and failure characteristics of rocks are presented.
Based on this, the mechanisms of deformation and failure are discussed, and the support adjustments for
controlling rock large deformation and subsequent excavation procedures are proposed. Finally, the
effectiveness of support and excavation adjustments to maintain the stability of the rock mass is veriﬁed.
The measures for controlling the large deformation of surrounding rocks enrich the practical experiences
related to the design and construction of large underground openings, and the construction of caverns in
the Jinping I hydropower station provides a good case study of large-scale excavation in highly stressed
ground with complex geological structures, as well as a reference case for research on rock mechanics.
 2016 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
The Jinping I hydropower station is located in Liangshan Yi
Autonomous Prefecture, Sichuan Province, Southwest China (Fig.1).
As a key project located in the downstream region of the Yalong
River, it has an installed capacity of 3600 MW, with a 305 m-high
hyperbolic concrete arch dam and a normal pool level of reservoir
of 1880 m (PowerChina Chengdu Engineering Corporation Limited,
2003). In 2014, all generators at the Jinping I hydropower station
were put into operation.
Due to the complicated geological conditions, i.e. high in-situ
stress and low rock strength, large deformation of rocks andf Rock and Soil Mechanics,
s, Chinese Academy of Sciences. Pr
y-nc-nd/4.0/).severe failures (such as onion skinning, spalling and buckling
around caverns) pose a major threat to the safety of caverns during
construction. To ensure the safety of the caverns, excavation is
sometimes interrupted to implement timely support, and special
investigations have been conducted to determine how the defor-
mation and failure occur (PowerChina Chengdu Engineering
Corporation Limited, 2009). Thus the deformation and failure of
rocks during the excavation of the Jinping I hydropower under-
ground project are the most challenging issues.
Peeling and buckling of the rock mass around caverns have been
rarely reported in hydropower projects due to the fact that the
caverns are located in massive to moderately jointed hard rock
masses that experience low to intermediate in-situ stress. However,
such failures have been reported for the mine-by experiment tun-
nel at a depth of 420m in AECL’s Underground Research Laboratory
(Martini et al., 1997; Martino and Chandler, 2004; Read, 2004), at a
large chamber at a depth of 3400 m in the East Rand Proprietaryoduction and hosting by Elsevier B.V. This is an open access article under the CC BY-
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Fig. 1. Location of the Jinping I hydropower station.
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Fig. 2. Cross-section of the geological structures at the dam site.
Table 1
Rock mass quality classiﬁcation and mechanical parameters (Song et al., 2013).
Grade Main geological feature sc (MPa) Vp (m/s) E (GPa)
II Fresh intact marble 60e75 >5500 20e32
III1 Fresh marble with green
schist interbed
60e75 4500e5500 10e14
III2 Slightly unloaded marble
and sandy slate
40e75 3800e4800 3e10
IV Strongly unloaded and
deep unloaded marble and
sandy slate
e <3500 1e4
V Broken belts of faults and
crushed displacing
interlayer belts
e e <1
Note: The value of uniaxial compressive strength (sc) is obtained through laboratory
tests. The velocity of the P-wave (Vp) is obtained through the single hole acoustic
wave test. The deformation modulus (E) is determined on the basis of the in-situ
bearing plate test and rock mass classiﬁcation.
f18
X
Dam Yalong River
Powerhouse
cavern Transformer
chamber
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Switzerland with a maximum overburden of 2000 m (Rojat et al.,
2009). Peeling and buckling are stress-induced failures in over-
stressed brittle hard rock (Martin et al., 1999). A thorough me-
chanical interpretation of stress-induced failure has been presented
by Kaiser et al. (2000) and Diederichs (2007) through a theoretical
fracture and micromechanical study, as well as by case analysis.
They argued that the brittle failure near excavations is induced by
the development of visible extension fractures under compression,
and there is a remarkable difference between the failure of hard
rock and that of ductile material.
In brittle rock failure, the development of extension fractures
near excavations produces large deformation in the fractured zone,
especially at the excavation wall (e.g. high sidewall of the power-
house cavern in a hydropower station). The deformation of over-
stressed rock mass is further increased by the occurrence of a
fracture network and weak dyke. Large deformation and severe
failure of hard rock mass have called for the support theory and
design to be improved. Kaiser et al. (2000) summarized the func-
tions (i.e. reinforcing, retaining and holding) of various support
components (e.g. rebar, bolt cables, shotcrete) and provided
guidelines for the support design to control the failure process. In
recent years, guidelines for support design for controlling rock-
burst, a violent rupture of brittle rock under high stress, were
proposed by Cai (2013).
The brittle failure mechanism and support considerations for
hard rock have been extensively discussed, but their practical
application is restricted to tunnels or chambers with a relatively
small size and simpler shape compared with the caverns in a hy-
dropower project. In this paper, the geological conditions, layout of
underground caverns, and excavation and support designs used in
the Jinping I hydropower underground project are ﬁrst introduced,
and then the characteristics and mechanisms of rock mass defor-
mation and failure are analyzed. Finally, measures for controlling
large rock mass deformation and failure are proposed, and these
measures are also evaluated by analyzing the monitoring data of
deformation obtained after these measures are carried out.No.2 surge tank
f13
f14
No.1 surge tank
Fig. 3. Orthographic drawing of the geological structures in the underground power-
house area.2. Engineering geology, layout of caverns, and excavation and
support designs
2.1. Engineering geology overview
In the project region, the Yalong River ﬂows in the direction of
N25E, with a water level of 1635 m in the dry season. The top
elevation of the mountain reaches 3200e3600 m, and the relative
height difference of the topography is 1500e2000 m. High andsteep slopes are present in the precipitous gorges and sharply
incised V-shaped valleys with a declination of 45e80.
The outcropping strata in the project region are the middle and
upper groups of the Triassic Zagunao Formation (T23z), which can
be classiﬁed into three rock groups according to the lithology. The
ﬁrst group is the green schist ðT123ZÞ, which is deeply buried in the
riverbed and does not outcrop on the ground. The second is the
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Fig. 5. Stereographic projection of the axis of the powerhouse, the in-situ stress tensor
and the main geological discontinuities.
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banks of the river, with a thickness of approximately 600 m.
Interlayer dislocation belts develop in this rock group. The third
group is the metasandstone and slate ðT323ZÞ consisting of six
layers, with a thickness of approximately 400m, which is formed in
the core strata of the Santan Syncline and can be found in the upper
left abutment. The strikes of these strata are basically consistent
with the ﬂow direction of the river, dipping towards the left bank,
with inclinations of about 40. The strikes of these strata result in
the consequent slopes on the right bank and the inverse slopes on
the left bank (Fig. 1). Weak discontinuities developed in the dam
sitemainly consist of faults (i.e. f5, f2, f18, f13, f14) and lamprophyre
dyke X (Fig. 2).
The underground caverns are located in the marble strata (i.e.
the formations T2223Z; T
23
23Z and T
24
23Z), in which the rock mass is
classiﬁed as grade III with the deformation modulus ranging from
10 GPa to 20 GPa. The mechanical properties of the rock mass are
listed in Table 1. The faults (f13, f14 and f18) and lamprophyre dyke
X outcrop in the caverns and have a consistent strike of N60e70E
and a dip of 70e80 (Fig. 3). The faulted zone is composed of
breccias, mylonite (main composition) and mud with a thickness of
several centimeters. The thickness of the faulted zone ranges fromthe caverns (unit: m).
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Fig. 8. Failure phenomena of the rock mass surrounding the caverns.
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into 4 groups: (1) those developed in themarble stratum T2223Z with
the same strike and dip direction as those of the rock strata, (2)
those developed widely in the powerhouse cavern with strikes of
N50e70E and dips of 60e80, (3) those outcropping mainly in
the assembly room with strikes of N25e40W and dips of 80e
90, and (4) those outcropping sparsely with strikes approximately
parallel to the powerhouse cavern axis.
At the Jinping I dam site, in-situ stress measurement using the
stress relief technique was conducted at 19 locations. The results
showed that the directions of the maximum and minimum prin-
cipal stresses range from 120 to 150 and from 20 to 60,
respectively. However, the direction of the intermediate principal
stresses was dispersed and could be approximately divided into
two groups, speciﬁcally, the directions ranging from 110 to 120
and from 170 to 190, respectively. The magnitude of the principal
stress irregularly varied with the horizontal distance from the slope
surface on the right bank of the Yalong River (Fig. 4). Obviously,
these values are signiﬁcantly inﬂuenced by the topography of the
Yalong River valley and complicated geological structures. In the
area of the powerhouse cavern, the magnitude of the maximum
principal stress ranged from 20 MPa to 35 MPa. It is noted that sc
values of marble range from 60 MPa to 75 MPa (Table 1), therefore,
the ratio of rock strength to the in-situ maximum principal stress
ranges from 1.89 to 4.18. Among the constructed and being con-
structed hydropower stations in China, the magnitude of the
principal stress at the Jinping I dam site is very high compared to
rock strength.2.2. Layout of underground caverns
The water diversion and power generation system were exca-
vated inside the mountain on the right bank of the Yalong River
(Fig. 3). The underground caverns were mainly composed of the
powerhouse, transformer chamber and surge tank, which are laid
out in parallel with each other. The principle was followed that the
strike of the main cavern should be approximately parallel to the
dip direction of the maximum in-situ stress and nearly perpen-
dicular to the strike of the major joint sets at the same time. In this
regard, the strike of the powerhouse cavern was determined as
N65W. The angles between the axis of the powerhouse and the dip
direction of the maximum in-situ principal stress, the strikes of the
major joint set 1, and the faults (f13, f14 and f18) and dyke X are 15,
65 and 50, respectively (Fig. 5).
The dimensions of the main powerhouse cavern and trans-
former chamber are 204.52 m  28.90 m  68.80 m (length width  height) and 197.1 m  19.3 m  32.7 m, respectively. The
two separate surge tanks are in the shape of an upright cylinder
with a dome and have the dimensions of f41 m  80.5 m
(diameter  height) and f37 m  79.5 m, respectively. The rock
pillars between the powerhouse and transformer chamber is
43.75m thick and that between the transformer chamber and surge
tank is 46 m thick (Fig. 6).2.3. Excavation methods
For the main caverns, a middle pilot heading was ﬁrst excavated
and then an enlargement excavation was carried out to form a
crown. After that, bench excavationwas performed until the ﬂoor of
the caverns. The bench is 4e10 m in depth per stage, with 11, 5 and
14 stages for the powerhouse cavern, transformer chamber and
surge tank, respectively (Fig. 6). The details of the main cavern
excavation are described as follows.
For the powerhouse cavern, the bench excavation between el-
evations of 1666.1 m and 1654.5 m, where the rock anchor beam
was located, was designed with a depth of 3.5 m per stage. The
central zone, approximately 21 m wide, was ﬁrst excavated and
then the zones about 2 m wide on either side of the central zone,
namely the protective layer (as illustrated in Fig. 6), were excavated
using a pre-split blast method to form the neat sidewall without
overbreak or underbreak. The bench excavation of the rock mass
between elevations of 1654.5 m and 1635.3 m was designed to be
4.6 m in depth per stage.
For the transformer chamber, the bench excavation was 5 m
deep per stage with pre-split line striking along the sidewall.
For the surge tanks, the excavation of dome followed a similar
process as that of the crown of the powerhouse cavern as described
above. The middle part of the surge tank (between elevations of
1668 m and 1625.5 m) was excavated in a way that a central pilot
shaft was completed ﬁrst and then the bench excavation was car-
ried out.
The excavation sequence of the main caverns was arranged in
the order that the transformer chamber was excavated after the
crown of the powerhouse cavern was completed, and then the
surge tank, after the crown of the transformer chamber was
excavated.2.4. Support design
The support components in the main caverns consist of ﬁber-
reinforced shotcrete (or mesh-reinforced shotcrete), grouted
rebar and pre-stressed bolt cables to maintain the stability of the
S. Song et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 605e618610surrounding rock mass. Basically, the exposed roof and walls were
immediately reinforced with shotcrete, and then the rebar and bolt
cables installation was implemented. The details of the support
design are described as follows.
(1) Mesh-reinforced shotcrete, i.e. 20-cm thick shotcrete (with
the compressive strength of 25 MPa, hereafter referred to as
C25 shotcrete) in combination with wire mesh (8 mm in
diameter and a spacing of 20 cm) was implemented at the
crown of the powerhouse and surge tank caverns, whereas in
the transformer chamber, the thickness of the shotcrete was
reduced to 15 cm. On the sidewalls, ﬁber-reinforced shot-
crete (15-cm or 10-cm thick C25 shotcrete) was used. At
lower elevations of the powerhouse cavern, 10-cm thick C25
shotcrete was used.Shotcrete crack
Shotcrete crack
Fig. 9. Failure phenomena of(2) The staggered layout of grouted rebar in the sidewalls was
32 mm in diameter, and 6 m or 8 m in length, with a spacing
of 1.5 m.
(3) The pre-stressed bolt cables in the sidewall of the power-
house cavern were arranged at elevations of 1662.5 m,
1656.5 m, 1653.5 m, 1650.5 m, 1647.5 m, 1644.5 m, 1640.5 m
and 1635.5 m, with a spacing of 3 m for elevations above
1644.5 m, and 4.5 m for the remainder. In the upstream
sidewall of the powerhouse, the drill holes for settling bolt
cables at the elevation of 1662.5 m stretched out to the
sidewall of the drainage tunnel on the upstream side. On the
downstream sidewall of the powerhouse, such drill holes at
elevations of 1662.5 m, 1656.5 m and 1653.5 m stretched out
to the upstream sidewall of the transformer chamber. These
bolt cables are 33/46 m in length, with a load-bearingI-shaped steel 
beam buckling
shotcrete and steel rib.
Note: The short thin lines in this figure represent cracks and the 
width of cracks is generally 2 to 4mm and only a minority of them 
reached to 10mm.
No.1  
bus tunnel
f14
f18
No.2  
bus tunnel
No.3  
bus tunnel
No.4  
bus tunnel
No.5  
bus tunnel
No.6  
bus tunnel
Cracks
ote: The short thin lines  this figure repres nt cracks and the width of cracks is
generally 2–4 mm and only a minority of them reaches 10 mm. 
Fig. 10. Shotcrete cracks on the upstream sidewall of the transformer chamber.
S. Song et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 605e618 611capacity of 2000 kN and anchor piers mounted on two ends.
The others were 15/20 m in length with a load-bearing ca-
pacity of 1750 kN.
(4) On the downstream sidewall of the transformer chamber,
three rows of pre-stressed bolt cables were arranged at ele-
vations of 1664.5 m, 1660 m and 1655.5 m. The bolt cables at
the elevation of 1664.5 m stretched out to the downstream
sidewall of the drainage tunnel and had the same load-
bearing capacity (2000 kN) and spacing (3 m) as those at
the elevation of 1662.5 m on the sidewall of the powerhouse
cavern, with anchor piers on both ends of the holes (24 m in
length). The bolt cables at elevations of 1660 m and 1655.5 m
were 20 m in length, with a load-bearing capacity of 1750 kN
and a spacing of 4.5 m.
(5) In the surge tanks, four rows of pre-stressed bolt cables with
a load-bearing capacity of 1500 kN were arranged at eleva-
tions of 1656 m, 1651 m, 1646 m and 1641 m. The length and
spacing of these bolt cables were 15/20 m and 4.5 m,
respectively.
(6) In the area near the outcrop of the faults, support intensity
was enhanced. The weak rock mass in this area was rein-
forced by applying a dense pattern of rebar, increasing the
length of bolt cables, applying shotcrete with higher
compressive strength, using the steel arch and anchor rebar
pile, carrying out consolidation grouting and replacing the
weak rock mass with concrete when necessary.
3. Analyses of deformation and failure of surrounding rocks
and supports
Displacement monitoring data showed that the deformations of
the crown and sidewalls were small after the third bench excava-
tion of the powerhouse cavern. Cracking of the shotcrete was
observed at the lower part of the crown on the downstream side.
After the seventh bench excavation of the powerhouse cavern,
failure was observed in a large area of surrounding rock mass and
support. The displacement of the shallow rock mass was consid-
erably large, and small displacement was observed in the deep rock
mass of the powerhouse cavern, transformer chamber and bus
tunnels when the entire excavation and support process had been
completed. Inevitably, large deformation of rock mass led some
rebars and bolt cables to be overloaded.
3.1. Failure of surrounding rock mass, shotcrete and steel arch
The failure of rock mass and shotcrete occurred at the lower
parts of the cavern crown on the downstream side and the sidewall
on the upstream side. The observed failure patterns were spalling
(or slabbing) and buckling induced by splitting, detachment of the
discontinuities and slipping of rock mass along the joint surfaces
(PowerChina Chengdu Engineering Corporation Limited, 2009;
Huang et al., 2011). The distributions of the failed rock mass and
shotcrete in the crown and sidewalls of the powerhouse cavern are
shown in Fig. 7.
For the slabbing and buckling induced by rock splitting, which
was aligned parallel to the orientation of the cavern face, the depth
of failed zone usually ranges from 20 cm to 50 cm and could reach
60 cm or 70 cm in extremity with a crack width of 2e6 cm (Fig. 8ae
f). The cracks or discontinuities induced by rock mass relaxation
(the term ‘relaxation’ is used to describe conditions where stress
adjustment leads to a reduction in tangential stress near the
excavation) were mainly found in themiddle and lower parts of the
upstream sidewall, downstream sidewall and end wall. The dip
direction and dip angle of such cracks were N50e70W (approx-
imately parallel to the cavern axis) and NE:40e50, respectively.Thewidth of the cracks was usually 5e10 cm and could reach 20 cm
in extremity (Fig. 8gei). In the case of slipping along the disconti-
nuities (Fig. 8j), the slipping distance was approximately 5 cm.
The support failure occurred in the same locationswhere the rock
failurewasobserved. The typesof support failures included shotcrete
cracking, bucklingof the steel rib (or I-type steel beam) (Fig. 9b, d and
f), and anchor pier invagination. The jagged and intermittent shot-
crete crackspropagatingalong thedirectionof thecavernaxismainly
occurred in the lower parts of the cavern crown,with crackwidths of
2e6 cm (Fig. 9a, c and e). It was noted that on the upstream sidewall
of the transformer chamber, the tensile fracture of shotcrete was
signiﬁcant and there were a large number of inclined shotcrete
cracks with dip angles between 50 and 70 (Fig. 10). Most of the
inclined cracksweredistributed in a zone 3e4mhigh above theﬂoor
of the transformer chamber. Only a few inclined cracks stretched out
and joined the shotcrete cracks at the crown of the bus tunnels.
3.2. Analysis of surrounding rock mass displacements
Nine instrumentation arrays were set up along the axis direction
of the powerhouse cavern at chainages of 0e35.62, 0 þ 0.00,
0 þ 31.70, 0 þ 63.40, 0 þ 79.20, 0 þ 95.10, 0 þ 126.80, 0 þ 158.50,
and 0 þ 196.27. The instrumentation consisted of a multipoint
extensometer set in the roof and sidewalls of the caverns, and cable
load cells on selected bolt cables.
Based on the data obtained over the period from the day of
installation of the extensometers to the middle of October 2009
when the seventh bench excavation of the powerhouse cavern was
completed, the displacement of the surrounding rock mass was
analyzed. It should be noted that the displacement here means the
relative displacement between two points. One point was located
at the entrance of the hole where the extensometer was settled and
the other at the bottom of the hole.
3.2.1. Displacement distribution in the powerhouse cavern
Among the 59 extensometers, 57.6% showed a displacement of
less than 10 mm, 16.9% of 10e30 mm, 15.3% of 30e50 mm, and
10.2% of larger than 50 mm.
Fig. 11 indicates that the downstream sidewall displacements
were basically larger than 30 mm, whereas the upstream sidewall
ones were usually less than 30 mm. On the upper part of the
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Fig. 11. Distribution of rock mass and bolt cables displacements in the powerhouse cavern.
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displacements were larger than 50 mm, and in the middle part of
the upstream sidewall (between elevations of 1650 m and 1660 m),
there was also a zone where the displacements were larger than
40 mm.
In summary, the downstream sidewall displacements were
larger than the upstream sidewall ones and the latter were larger
than the crown displacements.3.2.2. Displacement distribution in the transformer chamber
Among the 34 extensometers, 50% showed a displacement of
less than 10 cm, 26.5% of 10e30 mm, 8.8% of 30e50 mm, and 14.7%
of larger than 50 mm.
Fig. 12 indicates that the displacements in the upper part of the
downstream and upstream sidewalls were 30e100 mm and 30e
50 mm, respectively. There were three zones where the displace-
ments were the largest, with the maximum displacements of
155.1 mm, 61.4 mm and 59.3 mm, respectively.
To investigate the displacement distribution of the surrounding
rockmass, the displacements of the points (related to the bottom of
the hole) at different depths along the direction of the hole axis
were obtained, and are plotted in Fig. 13. It can be seen that the
displacement of the point inside the rock mass on the downstream
side was generally larger than that of the symmetric point on the
upstream side. In addition, the displacement gradient (especially in
the shallow region) on the downstream sidewas larger than that on
the upstream side.Bolt cables with load exceeding t
load capacity
f18X
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sidewall
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sidewall
Cavern crown
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Fig. 12. Distribution of rock mass and bolt cablesThe above analysis shows that:
(1) The displacement distribution was asymmetric with respect
to the cavern axis. On one hand, the displacements on the
upstream side were generally smaller than those on the
downstream side. On the other hand, the displacements in
the lower part were larger than those in the upper part on
the upstream side; whereas on the downstream side, the
displacement distribution trend was opposite.
(2) Severe failure of rock mass and support was reported at the
same location where large displacements were observed.3.3. Analysis of monitoring data from anchor cable load cells
For simplicity, the actual load, the pre-tension force and the
bearing capacity of bolt cables are denoted by fa, fp and flim,
respectively, in the following sections.
Among the 81 cable load cells installed in the powerhouse cavern,
the ones with fa < fp (which means that the bolt cables were in a
relaxation state) and the ones with fa > fp (denoted by the symbols
“6” in the case of fp < fa < flim and “:” in the case of fa > flim,
respectively, in Fig. 11) accounted for 23.5% and 76.5%, respectively.
The cable load cells showing an increasing load amplitude (related to
the pre-tension force) of 0e0.2 and 0.2e0.4 accounted for 65.2% and
25.1%, respectively, on the upstream side. On the downstream side,
however, nearly half of the cable cells showed that the relative
increasing amplitude ranged from 0.2 to 0.4.he bearing-
Bolt cables with load exceeding the pre-tension 
force
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(c) Upstream sidewall of the transformer chamber. (d) Downstream sidewall of the transformer chamber. 
Fig. 13. Variation of displacement with depth based on the data from multipoint extensometers in the powerhouse and transformer caverns.
Table 2
Relaxation depths of rock mass surrounding the powerhouse cavern.
Elevation (m) Depth of damaged zone
on the upstream sidewall (m)
Depth of damaged zone
on the crown and
upstream sidewall (m)
Severe
damage
Slight
damage
Severe
damage
Slight
damage
1670 4e7.8 7.2e16.2
1665 1.4e2.6 2e4 4e9.6 5.2e16
1657 2e9.8 7e13.4 5.2e8 14.2e16.8
1649 4.2e8.2 7.2e14.2 6e9.6 12.6e19
1641 2e9.2 7e16.2 1.6e3.4 4e8
1634 13.7e14.8
Table 3
Relaxation depths of rock mass surrounding the transformer chamber.
Elevation (m) Depth of damaged zone
on the upstream sidewall (m)
Depth of damaged zone
on the downstream
sidewall (m)
Severe
damage
Slight
damage
Severe
damage
Slight
damage
1668 4e6.8 13.8e17.2 4e6.4 4.6e15
1660 5e10.6 8e18 4.8e8.6 7.6e14
1652 3.6e8 7.2e14 2.4e6 6e11.8
S. Song et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 605e618 613In the transformer chamber, the ratio of the load cells with fa< fp
was nearly the same as that in the powerhouse cavern. In addition,
the load cell with fa > flim accounted for 21.4%.
3.4. Analysis of the excavation damaged zone
During the excavation of the caverns, the acoustic wave testing
technique and digital borehole camera techniquewere employed to
determine the depth of the damaged zone around the caverns. The
results obtained from the acoustic wave tests are listed in Tables 2
and 3. The acoustic wave testing showed that for the upper part
(above the elevation of 1665 m) of the powerhouse cavern, the
boundary of the damaged zone on the downstream sidewas farther
away from the cavern perimeter than that on the upstream side,
with the maximum depth of the damaged zone of 16.2 m and 4 m
on the downstream and upstream sides, respectively. On the up-
stream side, the depth of the damaged zone increased as the alti-
tude descended, with a sharp ascent (from 4 m to 13.4 m) followed
by a steady ascent (from 13.4 m to 16.2 m), reaching a maximum
(16.2 m) at the elevation of 1641 m. The variation of depth of the
damaged zone along the vertical direction on the downstream side
was exactly opposite, with aminimumdepth of 8m at the elevation
of 1641 m. The asymmetry of the damaged zone distribution
around the powerhouse cavern was similar to that of the
displacement.
Maximum principal 
stress (Pa)
Compressive stress 
concentration 
Fig. 15. Distributions of the maximum principal stress around the powerhouse cavern
after the seventh bench excavation.
Table 5
Mechanical parameters for the MohreCoulomb model.
Rock mass grade E (GPa) Poisson’s ratio Friction angle () Cohesion (MPa)
II 35 0.25 53.5 2
III1 19 0.25 46.9 1.5
III2 13 0.3 45.5 0.9
IV 3 0.35 35 0.6
V 1 0.35 16.7 0.02
Powerhouse 
cavern
Transformer 
chamber
Bus tunnel
Fig. 16. Distribution of rock mass displacement along a typical cross-section.
Table 4
Plane stress characteristics calculated from measured in-situ stress tensor.
Measuring
points
XY XZ YZ
smax/smin Dip of
smax ()
smax/smin Dip of
smax ()
smax/smin Dip of
smax ()
s27e1 0.42 20.04 0.3 21.58 0.65 57.15
s27e2 0.52 24.72 0.68 1.47 0.79 39
s27e3 0.36 15.79 0.49 2.32 0.72 26.41
s27e4 0.52 38.38 0.45 22.37 0.41 58.38
s27e5 0.48 40.94 0.76 7.44 0.67 57.09
s27e47 0.45 18.84 0.48 2.4 0.37 48.22
s47e1 0.33 38.63 0.54 38.79 0.54 40.36
s47e2 0.45 24.24 0.76 9.89 0.77 8.19
s45e1 0.26 18.89 0.55 17.24 0.48 21.38
s01e1 0.69 23.24 0.93 1.63 0.68 30.2
Average 0.45 23.21 0.59 12.51 0.61 37
S. Song et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 605e618614For the transformer chamber, there was no signiﬁcant difference
between the distribution of the damaged zone on the upstream and
downstream sides.
3.5. Mechanisms of deformation and failure of rock mass around
the caverns
In order to explore the mechanisms of deformation and failure
of the surrounding rock mass, a stress ellipse was drawn and
analyzed based on the in-situ stress data obtained before excava-
tion by Lu et al. (2010, 2012). In this section, the in-situ stress data
from 10 sites were used to produce stress ellipses. First, the prin-
cipal stresses on the three planes with normal directions parallel or
perpendicular to the cavern axis were obtained. For simplicity, the
planes were denoted as “XZ”, “YZ” and “XY” in the following section.
Then, the stress ratios (smax/smin) and dips of smax were calculated
and are listed in Table 4.
It can be seen that in each plane, there is a considerably
consistent dip direction of smax at different sites. The stress ratios
range in 0.26e0.69, 0.3e0.93, and 0.37e0.79 for the XY, XZ and YZ
planes, respectively. The corresponding dips of smax range from
18.84 to 40.94, 1.47 to 38.79, and 21.38 to 57.15 for the three
respective planes. The average stress ratio and dip of smax in each
plane are depicted in the form of stress ellipse as illustrated by
Fig. 14.
The in-situ stress state, especially the orientation of the prin-
cipal stresses relative to the tunnel axis, is the most important in-
dicator among the factors that have a signiﬁcant inﬂuence on the
failure characteristics of surrounding rock mass (Read, 2004;
Diederichs, 2007). The failure characteristics around the circle
tunnel were well revealed by Read (2004). According to the study
conducted by Read (2004), the damage induced by excavation was
signiﬁcant in the area of compressive stress concentration. InFig. 14. Illustrations of stress ellipses on three typical planes.
S. Song et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 605e618 615Fig. 14a, it is clear that the excavation results in compressive stress
concentration, which occurs mainly in the lower part of the cavern
crown, the upper part of the sidewall on the downstream side, and
the lower part of the sidewall on the upstream side. With respect to
the bus tunnels and headrace tunnels with tunnel axis perpen-
dicular to that of powerhouse cavern, as shown in Fig. 14c, it is
evident that the lower part of the tunnel crown on the right side
and the foot of the sidewall on the left side will be the compressive
stress concentration zones.
The above discussion on the compressive stress concentration
around the caverns (or tunnels) is also veriﬁed by the stress dis-
tribution contours (Fig. 15) obtained by the numerical simulations
in which a MohreCoulomb elastoplastic constitutive model was
used. The mechanical parameters for the simulations are listed in
Table 5.
The zones where moderate to severe relaxation (or damage)
occurs are highlighted by large displacement of the surrounding
rock mass. It is shown in Fig. 16 that after the seventh bench
excavation, the displacement distribution is asymmetrical with
respect to the cavern axis. For the powerhouse cavern, the wall
displacements on the upstream side and downstream side are
usually 50e80 mm and 70e90 mm, respectively. At the sites where
faults or dykes outcrop, the wall displacement reaches a maximum
value exceeding 100 mm. For the transformer chamber, the rock
mass displacement is larger (70e100 mm) in the middle and upper
parts of the downstream sidewall compared with that at the up-
stream side. The area where the zone with wall displacement on
the downstream side exceeds 100 mm is signiﬁcantly larger than
that on the upstream side. The maximum displacement on the
downstream sidewall is 183 mm.4. Measures for controlling rock mass deformation and their
evaluation
It is well known that intact rock (especially hard rock) un-
dergoes a small deformation before failure. Therefore, rock mass
deformations are mainly caused by rock fractures (speciﬁcally the
opening of macroscopic cracks in rock) and the opening (orrebars were 
added
Bolt cables and
pre-stressed 
rebars were
added
Anchor bar piles and
rebars were added
Pre-stressed rebar 
Bolt cable
Pre-stressed
Fig. 17. Illustration of modiﬁed support scheme (only bolt cables andslipping) of weak discontinuities (e.g. joints). In the case of a low
ratio of the rock strength to the maximum in-situ stress, the
openings of macroscopic cracks in rocks account for a substantial
part of rock mass deformation and lead to the so-called large
deformation. It is noted that the large deformation of brittle hard
rock mass in a hydropower project is considerably different from
that of soft rock mass in coal mines. The deformation of soft rock
mass can easily reach dozens of centimeters; however, the defor-
mation of hard rock mass exceeding 100 mm is rarely reported in
hydropower caverns. To guarantee the safety of workers during
excavation and to ensure that the hydropower station functions
correctly during the service period, the deformation of rock mass
exceeding several hundreds of millimeters is usually not allowed to
occur. Such a rigorous requirement poses a great challenge to the
design and adjustment of support and excavation procedures.
After the seventh bench excavation of the powerhouse cavern,
clear signs of large deformation were observed, which resulted in
the requirement that certain measures should be implemented in a
timely manner. The following measures in both support and
excavation procedures aim to prevent the rock splitting from
further developing, such that the deformation caused by rock
fracturing can be effectively controlled.4.1. Measures for controlling rock mass deformation
Based on the investigations of rock deformation and failure
mechanism, some adjustments in both support and excavation
procedures were proposed. Support adjustments were mainly
made in the areas where compressive stress was concentrated (i.e.
cavern crown on the downstream side) and relaxed (i.e. the cavern
sidewall on the upstream side). In these areas, the rock mass was
reinforced mainly by applying a dense pattern of rebar (especially
the pre-stressed rebar) and a combination of concrete frame beams
with bolt cables, and consolidation grouting was also used to
reinforce the severely damaged rockmass (Li et al., 2009; Hou et al.,
2012a, 2012b).
Detailed adjustments of support and excavation procedures are
described as follows:Bolt cables and
pre-stressed 
rebars were
added
Bolt cables were added
rebar are shown) in the powerhouse and transformer caverns.
Zone where pre-stressed 
rebars were added and the 
combination of concrete 
frame beams with pre-
stressed bolt cables also 
were added.
Zone where pre-
stressed rebars 
were added
Downstream 
sidewall
Upstream 
sidewall
Fig. 18. Image of powerhouse cavern after support adjustment.
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Fig. 19. Variation of displacements with time based on the monitoring data from multipo
(0 þ 158.5, down 1667 m) means that the extensometer M1 was installed at an elevation
S. Song et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 605e618616(1) In the downstream crown (the zone between elevations of
1674.5 m and 1665.8 m) of the powerhouse cavern, 9-m long
rebar (or pre-stressed rebar) was added to further reduce the
spacing of rebar and 5 (or 6) rows of pre-stressed bolt cables
with a bearing capacity of 2000 (or 1500) kN were also
applied (Fig. 17). The length of these bolt cables is 20e30 m,
varying with the site-speciﬁc geological conditions. In order
to achieve the goal of integrated system support, the com-
bination of concrete frame beams with pre-stressed bolt
cables was also implemented in this area (Fig. 18). In addi-
tion, consolidation grouting was also carried out to reinforce
the broken rock mass. The grouting hole was 8 m deep inside
surrounding rocks, with an average spacing of 3 m.
Similar to the powerhouse cavern, a total of 5 rows of pre-
stressed bolt cables and a dense pattern of rebar were
implemented at the lower part of the downstream crown
and upper part of the downstream sidewall of the trans-
former chamber (Fig. 17).
(2) The middle parts of the upstream sidewall of the power-
house cavernwere reinforced by applying a denser pattern of
rebar, and the other rebar was mainly pre-stressed rebar
(9m in length). Meanwhile, the bearing capacity of some bolt
cables was increased from 2000 kN to 2500 kN. Consolida-
tion grouting was also used in this area.
(3) The rock pillars between the neighboring bus tunnels were
reinforced by the pre-stressed bolt cables. The holes for09-07-19 09-12-16 10-05-15 10-10-12
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Fig. 20. Variation of cable loads with time based on the monitoring data from the cable anchor load cells installed in the powerhouse cavern and transformer chamber. PR2
(0 þ 125, down 1662 m) means that the cable anchor load cell PR2 was installed at an elevation of 1662 m on the downstream side of the caverns at a chainage of 0 þ 125.
S. Song et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 605e618 617settling these bolt cables were drilled through the pillars to
install anchor piers on both sides of the neighboring tunnels.
(4) The excavation of the lower part (between elevations of
1635.3 m and 1625.8 m) of the powerhouse cavern was
adjusted. For example, the eighth bench excavation was
subdivided into two halves, with one half on the upstream
side excavated ahead of another on the downstream side by
some distance as the excavation advanced along the cavern
axis. Such adjustment results in a phased releasing of in-situ
stress and helps to reduce the rock mass damage in the
presence of blasting excavation.
In fact, the above-mentioned support adjustments imply an
important idea that in the case of highly stressed ground, it is better
to take advantage of the role of proactive support (e.g. the pre-
stressed rebar) and adopt the integrated system support in which
the combination of support elements and utilization of the com-
bined synergies are emphasized. In addition to enhancing the
capability of resisting shear failure, pre-stressed rebar can also
improve the stress state of the superﬁcial rock mass around the
cavern by reducing the difference between the major and minor
principal stresses to some extent. Therefore, using the pre-stressed
rebar to reinforce the rock mass not only enables the rock mass to
support itself but also controls the process of bulking (Cai, 2013). In
highly stressed ground, the integrated system support principle is
also very important because no one “super” bolt cable or liner can
be developed to replace all other support components to resistbrittle failure (Cai, 2013). Combining the bolt cables with the con-
crete frame beams can be regarded as a good example of integrated
support in which the load supported by the frame beams can be
effectively transferred to the bolt cables. In addition, such a com-
bination has another merit: once the bolt cable at one location has
supported a considerable load, the neighboring bolt cables can
share this load; in other word, the load can be uniformly shared by
several bolt cables. Furthermore, the frame beams act as stiff liners,
proactively exerting pressure on the surface of the rock mass, and
they have the same capability to control the process of bulking as
the pre-stressed rebar.
4.2. Evaluation of the support and excavation procedure
adjustments
The monitoring data obtained from the multipoint extensome-
ters and cable load cells are shown in Figs. 19 and 20, respectively. It
can be seen from these ﬁgures that during the period of follow-up
bench excavation, the displacements of the surrounding rock mass
converge gradually, and the loads of most of the cables ﬂuctuate
within a narrow range. This implies that the support and excavation
procedure adjustments are reasonable and effective.
5. Conclusions
(1) During the excavation of underground caverns in Jinping I
hydropower station, large deformation and severe damage,
S. Song et al. / Journal of Rock Mechanics and Geotechnical Engineering 8 (2016) 605e618618which have rarely been reported previously, occurred in a
wide area of the surrounding rock mass. The depth of the
damaged zone was also large. Large deformation and severe
failure made the Jinping I hydropower underground project
the most challenging in the world.
(2) The high in-situ stress relative to the low strength of the rock
mass (the ratio of strength to stress is 1.89e4.18) resulted in
the occurrence of severe rock mass failure. The asymmetry of
the surrounding rock mass failure with respect to the cavern
axis was mainly determined by the orientation of the prin-
cipal stresses relative to the cavern axis.
(3) The support and excavation procedure adjustments were
effective in controlling the rock mass deformation and pre-
venting the area and depth of the damaged zone from further
expanding. Both the rock mass deformation and cable loads
were basically stable.
(4) This case study implies an idea regarding the cavern exca-
vated in highly stressed strata, where both the support and
excavation procedures need to be designed carefully, that is
to say, it is better to take advantage of the role of proactive
support (e.g. the pre-stressed rebar) and adopt integrated
system support, whereas the disturbance to the rock mass
caused by the excavation should be reduced as possible.
The measures for controlling the large deformation in the
Jinping I hydropower station not only enrich the experience related
to the design and construction of large caverns in hydropower
projects, but also provide a good reference case for the excavation
and support of deep tunnels in trafﬁc projects and underground
openings in mines that suffer high in-situ stress.
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